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INTRODUCTION 
The strengths of cylinders and beams are regarded 
as first-order indicators of the quality, acceptability, and 
reliability of concrete in pavements and structures. 
Hence, minimum 28-day strengths have been specified 
for each class of concrete. Specimens which do not 
achieve the 28-day specified strengths, and test 
consistently low, arouse suspicion in the adequacy of 
the corresponding concrete; and several ways of 
amendment are usually required, i.e. non-payment or 
reduced payment, removal and replacement of the 
concrete, or additional construction. 
Statistically, District 6 has had a lingering problem 
of low cylinder-strengths for all classes of concrete. The 
statewide average of low-cylinder breaks for all classes 
of concrete for the years 1969 through 1974 was 2.8 
percent compared to 6.0 percent for all classes and 11.0 
perccn t for Class '' AA '' concrete in District 6. 
Furthermore, in 1975 the low cylinder breaks averaged 
17.6 percent for all classes and an alarming 25.6 percent 
for Class AA; some project records have shown as much 
as R4 percent with low strengths. 
This study was undertaken in an effort to interpret 
the results of the cylinder data and to further investigate 
the in situ concrete and materials incorporated in it. 
The investigation included the following: 
I. analysis of cylinder data with emphasis on 
some specific and selected projects; 
2. coring, testing, and analyzing the in situ 
concrete; 
3. determining the ciTccts or aggregate types 
used in the District and variances in air content 
ami strength by making laboratory mixtures 
for Concrete Classes AA, A, and PCC; and 
4. correlating the results of cylinder, core, and 
laboratory mix data to determine the causes 
of low strengths. 
BACKGROUND 
A section of the 1-64 pavement in Rowan County, 
completed in September 1968, was investigated and 
reported by this Division in December 1969 (1). Cores 
taken to measure the thickness of the pavement were 
subsequently tested for strength. Even though older 
when tested, the pavement cores tested considerably 
below �8-day cylinder strengths. Molded cylinder and 
beam strengths were ''normal''. The investigation 
revealed that the in situ concrete was not sufficiently 
consolidated. Excess voidages from entrained and 
entrapped air caused the low strengths. 
In March 1970, another investigation of 
low-strength concrete was reported by this Division (2). 
The report covered a portion of a bridge deck on KY 
80 at Elkhorn City which failed due to excess voidages 
and( or) pre-hydrated cement in some of the concrete 
mixtures. 
There are several factors which affect the strength 
of concrete. Following is a detailed description of each 
(edited excerpts and portions of the following have been 
taken from Reference 3 ). 
Cement: Contrary to general impressions, strength 
is not directly related to cement content; it is more 
directly related to water-cement ratio over a range of 
Cement contents. Whereas the design of concrete 
mixtures usually proceeds from pre-selection of a 
cement factor or from a series of trial mixtures in which 
the cement · factor is progressively increased and 
determining the water required to achieve the desired 
consistency or slump (which is a method of optimizing 
strength, cement factor, and other properties when a 
given coarse aggregate and a given fine aggregate arc 
combined in a given proportion), the more basic 
approach begins with the pre-selection of a water-cement 
ratio which will provide the desired strength and 
durability and proceeds through the determination of 
cement factor which, together with the gaging water, 
yields the desired consistency and slump without 
exceeding the desired, water-cement ratio. It may be 
found that the desired mixture cannot be made with 
certain aggregates or combinations of them within an 
economical limit of the cement factor. Then, recourse 
might be made to substitute or supplemental aggregates 
or to improvement of shape and gradation of materials 
at hand. lt is possible by accurate design and control 
to produce strong concrete with cement contents as low 
as four sacks per cubic yard. Normally, concretes require 
more. 
Water-Cement Ratio: Water-cement ratio indirectly 
expresses the voidage in cured concrete when the cement 
factor is shown; more directly, it expresses the voidage 
in the mortar phase; and most directly expresses the 
voidage in the cured, cement paste. In terms of cured 
concrete, voidage may be summed approximately, as 
follows: 
% entrained air + ryo entrapped air+ [rYr� free, mixing 
water (by volume) - .372 x lbs. cement per cu. 
ft. of concrete]. 
The relationship between water-cement ratio and 
strength is illustrated by Figure I. The lower limit of 
the 28-day band for compressive strength corresponds 
roughly to the values recommended by ACJ as the basis 
for proportioning concrete mixes. If minimum strengths 
are specified rather than average values, correspondingly 
higher average strengths must be provided tn the design 
of the concrete. 
Strength a %C3S + b %C2s + c o/cC2A + d 
% C4AF, 
the coefficients for 3· by 6-inch (76- by 152-mm) 
concrete cylinders, 1:3.4:3.6 mix by weight, were found 
to be (4): 
Composition of Cement: The specific contribution 
of each of the four major constituents to the strength 
at various ages was computed by the method of least 
squares, and the results Indicate that an additive effect 
of the compounds may be assumed at all ages. Writtng 
the equation for strength as 
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Aggregate: The effect of type of aggregate of 
normal weight and given gradation on compressive 
strength of concrete at about 28 days is minor, probably 
because all such aggregates are stronger than the paste. 
With equal water-cement ratios, concrete containing 
angular or rough-textured aggregate will usually be 
somewhat stronger than that containing rounded or 
smooth aggregate. With equal cement contents, however, 
somewhat more water is required for workability when 
angular or rough aggregates are used, and the net effect 
is that for equal workabilities the concrete strengths are 
not greatly different. 
Differences in maximum size of well-graded 
aggregate of a given type have two, opposing effects on 
the compressive strength of concrete. With equal cement 
contents and consistencies, aggregates graded to a larger 
size require less mixing water than aggregates of smaller 
maximum size. On the other hand, with equal 
water-cement ratios and consistencies, larger aggregates 
exhibit lower concrete strengths, possibly due in part 
to some prior cracking of the paste around the larger 
pieces. The net effect varies with the richness of mix; 
generally, in leaner concretes the larger maximum sizes 
will result in higher strengths whereas in richer concretes 
they will result in lower strengths. In any case, the net 
differences are not large.
" 
Curing: The longer theperiod of moist storage, the 
greater the strength, as indicated in various ways in 
Figure 2. Exposure to air, with consequent drying, 
arrests hydration; the rate and extent of drying depend 
on the mass of concrete relative to the area of exposed 
surface as well as on the humidity of the surrounding 
air. Test results are influenced by the moisture content 
of the concrete at time of test; specimens exposed to 
air and tested in the air-dry condition are one-quarter 
to one-third stronger than corresponding specimens 
exposed to air for the same period but saturated just 
prior to being tested. Resumption of moist curing after 
a period of air-drying results in resumption of hydration, 
although at a slower rate than that in progress when 
drying was begun. Long-time tests of concrete cured in 
water at normal temperature show that hydration 
continues appreciably (at a decreasing rate) at ages up 
to 30 years; these tests were subsequently extended to 
SO years with appreciable further increases in strength. 
Other tests have shown that sealing of concrete to retain 
the mixing water for during purposes results in a slightly 
lower rate of hydration than that of saturated concrete, 
the minor difference being attributed to self-desiccation 
during hydration. 
\1 12 
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Figure 2. Effect of Moi•t-Curing at 70"F (21"C) and Moisture Content of Concrete 
at lime of Test on Compressive Strength of Concrete. 
The influence of temperature of moist curing on 
concrete strengths depends on the time-temperature 
history. Apparently conflicitng results are due to the 
fact that in some investigations the specimens were cast, 
cured, and tested at given constant temperatures over 
a range; in other investigations, the specimens were cast 
at given temperatures and beginning soon thereafter 
were cured at normal temperature; and in still other 
investigations, the specimens were cast at normal 
temperature and cured at various constant tmperatures. 
For mass concrete, the temperature varies continously, 
and some investigations have determined this effect 
under time-temperature conditions approximating those 
in the structure under consideration. 
When con,crete is cast and maintained at a given, 
constant temperature, the higher the temperature 
(within limits), the more rapid the hydration and gain 
in strength at ages up to 28 days. Other tests have shown 
that at later ages the strengths are not greatly different 
but that the higher the curing tempeature, the lower 
the strength. When concrete is cast and maintained at 
a given temperature for several hours and then cured 
at 70°F (21 °C), the higher the initial temperature 
(within limits), the lower the 28-day strength. When 
concrete is cast and maintained at 70°F (21 °C) for 
several hours and then cured at various constant 
tmperatures, the lower the curing temperature (within 
limits), the lower the strength at ages up to 28 days. 
At a temperature (33°F {1°C))near freezing, the strength 
is only 47 percent of that of concrete cured continously 
at 70°F (2!°C); at the below-freezing temperature of 
l6°F (-9°C), only 9 percent (see Figure 3). 
From the preceding paragraphs, it can be 
generalized that, if the curing temperature is higher than 
the initial temperature of casting, the resulting 28-day 
strength will be higher than that for a curing 
temperature equal to, or lower than, the initial 
temperature. 
At temperatures above 73°F (23°C), the early-age 
strengths are higher, but the later-age strengtha lower, 
than those at normal temperature. At temperatures 
below 73°F (23° c), the early-age strengths are lower, 
but the later-age strenghts higher, than the normal. 
These and other tests indicate that the optimum 
temperature of early-age curing is about 55°F ( l 3°C) 
for Type I and Type II cements (see Figures 4 and 5). 
The effect of "mass" curing at continuously 
changing temperatures, corresponding to those within a 
large mass of concrete, is influenced greatly by the type 
of cement, initial temperature, and timeatemperature 
conditions of. curing. However, in general, it can be said 
that mass curing accelerates strength development at 
ages up to about 3 months; thereafter, the strength of 
mass-cured concrete is usually somewhat less than that 
4 
of standard-cured concrete. Roughly, the 28-day 
strength of mass-cured concrete is about ten percent 
higher than that of corresponding standard cured 
concrete. 
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and Moist Curing on Compressive 
Strength of Concrete at Ages to 1 Year. 
STATISTICAL CONTROL 
The necessary excess of average strength over 
minimum, allowable, or specified strength depends on 
the closeness of control and uniformity of concrete. For 
ordinary jobs, it should be on the order of 15 to 25 
percent; for jobs under close control, it may be as low 
as I 0 percent. If the coefficient of variation of the 
concrete is �nown or can be reasonably esthnated, the 
required excess of strength can be determined in 
accordance with the theory of probability, taking into 
consideration the proportion of compessive strengths 
that will be permitted to fall below the specified 
strength (ACI 214). The required average strength can 
be computed from the following formula: 
in which 
f'c = 
= 
required average strength 
(psi), 
design strength specified 
(psi), 
a constant depending on the 
proportion of tests that may 
fall below f' c and on the 
number of samples used to 
establish the coefficient of 
variation, V, and 
V = forecasted value of the 
coefficient of variation 
expressed as a fraction. 
Values of the constant t are available in various 
publications. For the common proportions of 1 in I 0 
and 1 in 5 that are permitted to fall below the norminal 
minimum and for a large number of samples, t = 1,282 
and 0,842, respectively. Thus, with good field control 
corresponding to a coefficient of variation of 25 percent, 
the computed fer is equal to 1.24 f' c and 1.14 f'c• 
respectively; if the specified strength is 3,000 psi (20.7 
MPa), the concrete should be proportioned to have an 
average strength of 3,720 and 3,430 psi (25.7 and 23.7 
MPa), respectively. 
ANALYSIS OF CURED CONCRETE 
The cured, dry, unit weight of concrete (as may 
be determined from cylinders or cores) when compared 
to the calculated, theoretical, cured, dry, unit weight 
(determined from the wet, batch, mixture design 
formula) should agree very closely if the ingredients 
were properly proportioned and blended, if there was 
no subsequent segregation, and if the concrety was 
properly consolidated when placed. Any water added 
beyond the design formula reduces the cured, dry, unit 
weight correspondingly and increases the total voidage. 
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If concrete contains excessive voids, its strength 
will be low. Conceptually, voids occur in the mortar 
phase. Generally speaking, if the voids are uniformly 
distributed -- as in the case of entrained air bubbles .. 
the air tends to fluidize the fresh concrete in the same 
way that extra mixing water would. Therefore, when 
air is included, a saving of water should be realized; this, 
of course, reduces the water-cement ratio and 
strengthens the mortar commensurately. Thus, within 
limits, no loss of strength need occur. It is possible to 
maintain strength with air entrainment -· up to 10 
percent air; but, unless full advantage is taken of the 
opportunity to withhold mixing water, strength will 
diminish as the air (voids) is increased. 
In the case of hardened concrete, an estimate 
(statistical average) of the void volume may be made 
by microscopically examining sawed an; polished 
surfaces (linear traverse method). The voids measured 
in this way include only discrete bubbles and large 
spaces. Conceptually, the air in these spaces was 
compressible when the concrete was freshly mixed. 
Large voids should , be dissipated during the 
consolidation of the fresh concrete. Additional voids 
arise from excess (evaporable) mixing w�ter; they are 
not detectable by ordinary microscopic examination. 
The total or combined voidage affects the strength of 
the concrete (1). An example of computations of 
void ages and cured, dry, unit weight for a six-sack 
mixture follows: 
Design Unit Weight 
(air-free basis) 
Design Unit Weight 
(for 6% air) 
Net Mixing Water 
(for 6% air) 
Water Required 
for Hydration 
6 
!53.7 lblcuft 
2462.0 kglm3 
144.5 lblcuft 
2314.7 kglm3 
9.4 lbs 
4.26 kg 
5 .I lbs 
2.31 kg 
SSD, Unit Weight of 
Aggregate and Cement 
Weight of Dry Cement 
(94 X 6127) 
SSD Weight of Aggregates 
Evaporable Water in 
Aggregates (1% Estimate) 
Total Evaporable Water 
(9.4 - 5.1 + 1.14) 
Theoretical, Dry Unit 
Weight of Cured 
Concrete (144.5 - 5.44) 
Summation of Voids in Mortar: 
Voids due to Evaporable Water 
(4.3162.4) X 100 
Voids due to Densification 
of Hydration 
Water (1.00 - 0.7161) 
X 5.1162.4 
Total Voids Attributed to Mixing 
Water 
Voids due to Entrained Air 
Total Theoretical Voids; Dry, 
Cured Concrete 
Theoretical, Maximum, Dry, Unit 
Weight of Solids 
(139.06 I (J.ooo - 0.1521)] 
Theoretical, Apparent, Specific 
Gravity of Solids 
(164.007 I 62.4) 
135.1 lblcuft 
2164.1 kglm2 
20.9 lbs 
9.48 kg 
114.2 lbs 
51.80 kg 
1.14 lbs 
0.52 kg 
5.44 1bs 
2.47 kg 
139.06 1blcuft 
2227.5 kglm3 
6.891% 
2.320% 
9.211% 
6.000% 
15.211% 
164.08 lblcuft 
2627 .I kglm '1 
2.628 
Unit weights less than the theoretical value 
(determined from cores, etc.) are associated with low 
strengths; higher unit weights are associated with higher 
strengths. Strength-voidage relationships are illustrated 
in Figure 6. 
Figure 6. 
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ANALYSIS OF FIELD CYLINDERS 
As part of the analysis of the excessively high 
number of low-strength, cylinder tests, statistical and 
computer correlations were performed by the Division 
of Research on 934 batch reports containing I ,200 
compression test results which were furnished by 
District 6. These tests were performed on four classes 
of concrete: A, AA, PCC, and B. The tests were made 
between 1971 and 1975 on 14 separate projects. 
Concrete was furnished by at least five different vendors, 
and the specimens were made by 27 different 
technicians. 
Class A concrete was the most widely used 
concrete. Of the 805 specimens tested, 637 passed. 
Seven specimens were passed by 'averaging' -- wherein 
samples with marginally low strengths were approved by 
averaging the low test value with a higher value from 
another batch sample. If the average of the two values 
exceeds the strength requirments of the class, the 
concrete was deemed satisfactory. Twenty-three 
specimens which were 'averaged' had low strenghts. One 
hundred thirty-eight specimens failed independently. 
This represents a failure rate of 20.3 percent. The higher 
strengths with 'averaging' had an average strength of 
3,587 psi (24.7 MPa). Low-strength specimens which 
were 'averaged' had average strengths of 3,231 psi (22.2 
MPa). The cylinder strengths varied from 2,120 psi (14.6 
MPa) to 7,750 psi (53.4 MPa), a range of 5,630 psi (38.8 
MPa). The average strength of all specimens was 4,518 
psi (31.1 MPa). 
Three hundred and twelve, Class AA concrete 
specimens were tested. Of these, 140 specimens had low 
strengths representing a failure rate of 45 percent. The 
satisfactory specimens had average strengths of 5,060 
psi (34.9 MPa). The 'averaged' specimens which passed 
had averaged strengths of 4,558 psi (31.4 MPa). 
Low-strength specimens which were 'averaged' had 
average strengths of 3,882 psi (26.8 MPa). The variance 
of strengths was from 3,090 psi (20.3 MPa) to 6,560 
psi (45.2 MPa), a range of 3,470 psi (23.9 MPa). The 
average strength of all specimens was 4,512 psi (31.1 
MPa). 
Four, Class B concrete specimens were tested, three 
satisfactorily. The high-strength specimens had average 
atrengths of 4,080 psi (16.6 MPa). The low-strength 
specimen had a strength of 2,420 psi (16.6 MPa). The 
strongest specimen had a strength of 5,870 psi (40.5 
MPa). The range of strengths was 3,450 psi (23.7 MPa). 
The average strength of the specimens tested was 4,080 
psi (28.1 MPa). 
8 
Seventy-eight PCC specimens were tested; there 
were 16 failures, yielding a failure rate of 21 percent. 
The average strength of the satisfactory specimens was 
4,330 psi (29 .9 MPa). The average strength of the 
low-strength specimens was 3,220 psi (21.5 MPa). The 
variance of strengths was 2,550 psi (17.6 MPa) to 6,190 
psi (42.7 MPa), a range of 3,640 psi (25.1 MPa). The 
average strength of the PCC was 4,082 psi (28.1 MPa). 
While there was no clear correlation between 
month of concrete production and failure frequency, 
a good correlation exists between daily hatching time 
and failure frequency. This is shown in Figure 7 where 
the failuryfrequency, in percent, is plotted against 
patching time, in hour increments, for all types of 
c9ncrete. The highest failure rates occurred between 
8:00-9:00 a.m. which had the highest number of 
failures, 41 percent. As the day passed, the failure rate 
tended to decrease. After 12:00 a.m., the number of 
batches decreased as did the failure frequency. The 
cylinder test reports, submitted to the Divjsion of 
Reseach, without batch reports (291) had a failure rate 
of 26.8 percent. 
Figure 8 shows the failure frequency for all types 
of concrete and slumps. The failure frequency decreased 
with increasing slump. However, a band of slump values 
between 3 and 4 inches (76 and 101 mm) exists where 
this relation does not hold wei!, especially for Class A 
concrete. While there are few tests with slumps over 4 
inches (101 mm), these tests showed a decreasing failure 
rate with increasing slump. 
Figure 9 shows the failure frequency based on air 
content for all concrete classes. There is a good 
correlation between increased failure frequency and 
increasing air content. This relationship holds for all 
classes of concrete. 
In Table I, the failure rate for all types of concrete 
and for each class is shown by vendor, including reports 
in hwhich the vendor was not specified. Vendors I and 
2 had the highest failure rates, which were based mostly 
on thy production of Class A concrete, 49 and 33 
percent respectively, Vendor 2 being the largest suplier. 
Vendor 3 and unnamed vendors had more respectable 
failure frequencies of about 20 percent. Vendors 4 and 
5 had very low failure rates. All of Vendor 4' s failures 
were incurred making PCC concrete. 
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Figure 8. Cylinder Strength Failure Frequency versus Slump. 
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Figure 9. Cylinder Strength Failure Frequency versus Air Content. 
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TABLE I. FAILURE FREQUENCY BY VENDOR AND CONCRETE CLASS 
FOR CYLINDERS !'ROM DISTRICT 6 
CONCRETE VENDOR NO. OF NO. OF PERCENT 
CLASS PRODUCER NO. TESTS FAILURES FAILURES 
A Dearbom Gravel !54 75 49 
L & N Concrete 2 388 128 33 
Hilltop Concrete 3 !89 25 l3 
W. L. Harper 4 23 0 0 
Tri-County Concrete 5 66 0 0 
None Given !39 8 5 
AA Hilltop Concrete 3 47 25 53 
NoJle Given lll 45 40 
B L & N Concrete 2 3 l 33 
Hilltop Concrete 3 l 0 0 
P.CC Hilltop :Concrete 3 45 !3 29 
W, L. Harper 4 33 3 9 
All Dearborn Gravel l !54 75 49 
L & N Concrete 2 39! !29 33 
Hilltop -Concrete 3 282 63 22 
W. L. Harper 4 56 3 5 
Tri·County -concrete 5 66 0 0 
None Given 250 53 21 
lO 
Table 2 includes the failure rate of each project, 
given by state project number and number of tests. The 
failure rate does not seem to be based on the number 
of tests performed. Failure rates ran from 100 percent 
for one prOJeCt (one test) to 0 percent for three projects 
(one test each). The different classes of concretes were 
not an important variable in the results of these tests. 
Table 3 shows failure of all classes of concrete 
based on operator. High failure rates can be correlated 
with the technicians involved, not with the quantity of 
specimens each technician tested. Higher failure 
frequencies were related to concrete classes, Class AA 
concrete having the highest fail we rate ( 4 7 percent), 
followed by Class B concrete (25 percent) and Class A 
and PCC concretes (20 percent each). On an individual 
basis, there is some departure from this trend. Operator 
3 molded 63 cylinders of Class AA concrete which 
resulted in 57 failures ·· for a rate of 90.5 percent. 
Operator 5 molded 40 cylinders of Class A concrete an; 
had a failure rate of 51.3 percent, and Operator 7 
molded 247 Class A cylinders and had a failure rate 
of 46.2 percent. On the othe; hand, Operators 19, 22, 
and 26 molded 57, 86, and 45 Cl•ss A cylinders, 
respectively, with failure rates near zero. The mean, 
failure frequency for all operators was 25 percent. 
Twelve operators accounted for over 50 percent of the 
failed specimens. Half of the operators had failure rates 
higher than 20 percent. 
TABLE 2. F AlLURE FREQUENCY BY PROJECT FOR 
CYLINDERS FROM DISTRICT 6 
NO. OF NO. OF PERCENT 
PROJECT NUMBER TESTS FAILURES FAILURES 
1978110G2 I I 100 
5958513B2 16 9 56 
5958513B4 52 28 54 
88906B2 13 5 38 
197819GI 389 128 33 
88906BI 383 122 32 
5958513B3 14 4 29 
5958513BI 20 5 25 
88906B3 8 I 13 
5958513CI 228 19 8 
595851385 72 I I 
5958513C2 I 0 0 
5958513G2 0 0 
197719Gl I 0 0 
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TABLE 3. FAILURE f'REQUENCY BY OPERATOR 
(PERSON MAKING CYLINDER) FOR 
CYLINDERS FROM DISTRICT 6 
OPERATOR NO. OF 
NO. TESTS 
I 1 
2 2 
3 64 
4 3 
5 67 
6 4 
7 247 
8 15 
9 3 
10 144 
II 8 
12 75 
13 78 
14 13 
15 24 
16 63 
17 IS 
18 125 
19 57 
20 36 
21 4 
22 92 
23 7 
24 1 
25 2 
26 47 
27 2 
ANALYSIS OF CORES FROM DISTRICT 6 
Sixty-nine cores were taken from selected 
structures in District 6 for analysis and comparison with 
cylinder data. The cores were tested for compressive 
strength, unit weight, and air content by the linear 
transverse method. Results are listed in APPENDIX A. 
Three classes of concrete were represented by the cores: 
A, AA, and PCC. Twenty-two, PCC cores tested resulted 
in seven failures -- a failure rate of 31.8 percent; 
thirty-five, Class A cores resulted in four failures .. a 
failure rate of 11.4 percent; and twelve, Class AA cores 
tested resulted in one failure ·· a failure rate of 8.3 
percent. A failed core is one that does not achieve 90 
12 
NO. OF PERCENT 
FAILURES FAILURES 
1 100 
2 100 
57 89 
2 67 
41 61 
2 so 
114 46 
5 33 
I 33 
37 26 
2 25 
19 25 
17 22 
3 23 
5 21 
10 16 
2 13 
5 4 
1 2 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
percent of the specified 28-day compressive strength for 
its class of concrete (KY Method 64-314-76, Section 
4.1). 
Compressive strength was plotted against air 
content in Figure 10 and against unit weight in Figure 
II. While there is no conclusive relationship shown in 
Figure I 0 between air and strength, the 
unit-weight-strength relationship is very defined. There 
is a tendency for strength to decrease with increasing 
air content, especially over six percent air. There are 
not sufficient data, however, to make such an 
observation definite. It could be said justifiably, 
however, that strength increases in direct proportion to 
cured, dry, unit weight as shown in Figure II. 
Figure 10. Compressive Strength versus Air Content for Cores from District 6. 
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LABORATORY MIXTURES AND TESTING 
Laboratory mixing of concrete encompassed two, 
identical series of mixtures, one made with crushed 
limestone and natural sand acquired locally and the 
other made with river gravel and sand acquired from 
Cleves, Ohio (The Ohio Gravel Company, Cleves, Ohio 
t)WS the supplier of aggregate for many of the projects 
in District 6). The b/b0 concept of aggregate 
proportioning was used in the design of mixtures ·· 
where b is the solid volume of coarse aggregate in I 
cubic foot (0.028 m3) of concrete and b0 is the solid 
volume of coarse aggregate in I cubic foot (0.028 m3) 
of dry·rodded, coarse aggregate. Three classes of 
concrete, Kentucky Department of Transportation's 
designations AA, A, and PCC, were mixed in each series; 
air content was varied from two to ten percent. 
Variation from the designed, air content was adjusted 
by adding or withholding fine aggregate only. A typical 
mix design is included in APPENDIX B. Thirty mixtures 
were made; and properties such as slump, air content, 
and unit weight of the fresh concrete were measured. 
Compressive strength, flexure strength, and freeze. thaw 
specimens were determined. Strength was tested at 3, 
7, 28, and 90 days. Results of strength, durability, and 
other pertinent, mix information are listed in Tables 4 
and 5. 
ANALYSIS OF LABORATORY MIXTURES 
Nine cylinders and 12 beams were made and tested 
for each mixture. The cylinders were molded according 
to ASTM C 31 and tested in accordance with ASTM 
C 39. The 3· by 4· by 16·inch (76· by 102· by 406·mm) 
beams were made according to ASTM C 31 and tested 
in accordance with ASTM C 78 (flexure test on simple 
beam under third·point loading) Three beams from each 
mixture were also tested for durability in freezing and 
thawing in accordance with ASTM C 666. Actual air 
ccntents were measured on samples of the concretes 
using the linear traverse method, in accordance with 
ASTM C 457. A total·void analysis was made of all 
mixtures based on the oven dry (OD), unit weight and 
the specific gravity of the components. An example of 
the analysis is included in APPENDIX C. 
Examination of the 28·day, compressive strengths 
(Table 5) reveais that concrete made with limestone 
aggregates is approximately 24 percent stronger than 
concrete made with glaciai outwash aggregates for Class 
AA and nearly 14 percent stronger for Classes A and 
PCC. The means and standard deviations for the 28·day, 
compressive strength for each class were caiculated and 
are included in Table 6. Furthermore, strengths, were 
14 
compared to the measured air content (Figure 12), 
caiculated totai voids (Figure 13), and water·cement 
ratio of the mixtures (Figure 14). 
All laboratory test data have proven that the 
strengths decreased with increasing air and( or) total void 
content (Figure 12 and 13), but remained at least 23 
percent over the Department's, 28·day, strength criteria 
at the IO·percent air·content level. Some mixtures with 
lesser air contents attained twice that required strength. 
Unlike air content and total void measurements, 
water·cement ratio did not yield a significantly defmed 
typical relationship to strength; this is shown in Figure 
14. 
The durability of the concrete was not sensitive 
to air contents in the normal range. It was shown that 
low air contents, such as two percent, and high air 
contents like 10 percent, resulted in failing durability 
factors and( or) broken beams, in some instances (Table 
5). This confirms the practiced belief that six percent 
air entrainment is about optimum for ultimate 
durability. 
CORRELATIONS 
All cores taken from pavements and structures in 
District 6 were matched with corresponding cylinders. 
Calculated, mean values for compressive strengths are 
given in Table 6. It is clearly shown that, while the field 
cylinders had a failing value for every class, the 
coresponding cores, on the other hand, had a passing 
value. A more detailed examination of the data listed 
in APPENDIX A reveals that there were approximately 
17 percent failing cores compared to 86 percent for the 
corresponding cylinders. A large percent of the failing 
cores were borderline cases while a very large number 
of the failing cylinders exhibited very low strengths. (in 
making this comparison, one should remember that the 
cylinders were tested when 28 days old, whereas the 
cores were taken after the concrete had cured much 
longer.) The cores compared very well to laboratory 
cylinders made with the gravel aggregates. Such a 
comparison is further accentuated in Figures 11 and 15. 
These figures iliustrate the actual relaionships between 
cured, dry, unit weights and compressive strengths. 
Taking into account the differences between field and 
laboratory conditions, one will fmd that the two graphs 
correspond very closely. The above correlation and the 
drastic variations of strength between the in situ 
concrete and corresponding field cylinders makes it 
inadvisable to trust the integrity of snch cylinders as 
first·order indicators of the quality of the in situ 
concrete. 
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TABliE 4; l'Rt)"P�RllES OF �.;AB()Rl\TI)RY (lONC.rnYE MIXTuRES 
coNcREri AGGREGATE DESIGN AoiJAl l)fSJGN .AlR ACTUAL AIR ACTIJAL 
CLASS JYI'E*' W/C W/C 'coNTENT <:ON'rENT' SLUMP 
m) f'i<) (ln.) (mm) 
AA L A4 J9 ' 2:4 !!<\ 57.2 
c A4 J6 2 2< 2'4 "57.2 
L .44 ·" 4 ,_, 2 50.8 
G 44 ·" 4 4.2 2-1i 69.8 
l .... AO ' ,_. 2V.. 57;2 
G .M ·" 8 8< i-\:\ 69.S 
L ..... ·" 8 2.4 1Y.: 63.5 
G ..... .38 8 '-' 2\<1 57.1 
L ..... ·" 10 10.0 2!1> 57.2 
G .44 .38 10 •. 1 2Y.: m 
A L ..... ·" ' 2.3 2',o\ 69.ll 
G .44 .44 2 2.2 2·}\ ... 
L .44 .44 4 4.l 3 76.2 
G ..... AI ' ... o 3 76.2 
L " A1 8 83 2-�· -69.8 
G .44 A3 8 8.0 3 76.2 
L .44 ..... ' " '" �3.5 
G 4  .39 ' 8.0 3 76.2 
L A4 .41 10 " 2¥ 69.8 
" .44 .37 10 W2 3 76-.2 
PCC L 51 .43 2 1.3 2% 69.8 
G " ·"' 7 1.8 1-% ....  
L 51 .42 4 4.3 '" 63.5 
c .51 .38 ' 4.1 7 50.8 
L .51 .42 8 3.4 J 76.2 
G 51 A1 8 s.s 3 762 
L 51 .39 8 7.8 1'h SJ.S 
G .51 .39 ' 8.7 2\'> 63.5 
L _,, .39 10 10.0 3" 82.6 
G .51 .38 10 9.8 3 76.2 
*L � Limestone 
G- � Glacial 
WET .UNIT 
WEICHT • oi.rrrl) {kg/m3_} 
149.4 2,393 
150.11 2.403 
14S.8 2.384 
14U :i.JSS 
144.4 1;3J3 
141.8 1,287 
141.4 2;26s 
143.6 2.300 
138.4 2.217 
136.0 2,179 
149.0 2.387 . 
149.6 2.396 
145A ,,, 
147.4 2.361 
142.9" 2.289 
143.3 '2,295 
139.2 2,230 
140.2 2,146 
138.1 2.212 
136.1 2,180 
150.1 2.414 
149.6 2.396 
147.2 2,358 
147.4 2,361 
143.8 2,303 
144.0 2,307 
143.0 2,291 
140.4 2,249 
138,0 2,211 
139.2 2,230 
DRY 1JNJT 
WEIGHT {ib/f�) (kgjm3) 
146.8 2,352 
14�Ul 2,380 
145.5 Z,TII 
144> 2,319 
141.5 2,267 
-140.8 2,255 
IJ9.2 2,230 
'141.6 2,268 
136.4 2,185 
133.6 2.140 
144.8 2,319' 
144.8 2,319 
141.6 2,268 
144.3 2,:lll 
138.4 2,ll7 
139.7 2,238 
135.4 2,169 
137.6 2,204 
135.0 2.162 
133.9 2,145 
147.1 2,356 
144.9 2,321 
143.9 2.305 
145.4 2,329 
140.5 2.2Sl 
140.9 2,257 
140.4 2,249 
137.8 2,207 
135.4 2,169 
136.8 2,191 
PERcENT "'(CENT ' OO.CULATED 
FINE COARSE :mTAi:VOio 
AGGREGATE AGGREGATE roNTENr 
(%) 
45Al 54.59 ..  :u.04 58.96 8.3 
42.01 57.99 12.9 
39.32 ... . 10.7 
39.8l 60.19 u:4 
37.49 62.'51 ,,_, 
31.65 h2.35 145 
35.'56 .. ..... 14» 
.35.1)6 64.34 !59 
33.50 .,;.so lU 
44.85 55.15 10.8 
43.15 56.85 10.2 
43.16 56.84 1�2 
41.55 58.45 10.9 
4].67 58.33 14.9 
39.86 60.14 13.9 
39.94 "·"' 15.9 
38.07 61.93 14.5 
38.10 61.90 17.2 
J6.J7 63.83 15.8 
43.13 56.87 .. 
43.15 56.85 1 1 5  
41.48 58.52 11.5 
41.55 58.45 ' '  
39.74 .. ,. 13.4 
39.86 "" m 
37.89 62.0 14.4 
38.07 61.93 14.5 
35.93 -64.07 16.4 
36.11 63.83 16.2 
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TABLE 6. MEANS AND STANDARD DEVIATIONS OF STREr-!GTH 
RESULTS FOR LABORATORY MIXTURES 
MEAN COMPRESSIVE STRENGTHS** 
CONCRETE AGGREGATE 
CLASS 
AA 
A 
PCC 
*L - Limestone 
G - Glacial 
TYPE* 
L 
G 
L 
G 
L 
G 
LABORAtORY 
MIXTURES 
(psi) (MPa) 
7,065 48.7 
5,681 39.2 
tl.3I3 435 
5,457 43.5 
6,583 45.4 
5,659 39.0 
FIELD 
CYLINDERS 
(psi) (MPa) 
3,864 26.6 
2,731 18.8 
2,740 18.9 
**�linimum. Compressive Strengths 
Concrete 
Class 
AA 
A 
PCC 
Core Strengths 
{psi) (MPa) 
4,050 27.9 
.\ISO 2L7 
3,150 21.7 
Cylinder Strengths 
(psi)' (MPa) 
4,500 31.0 
3,500 24.1 
3,500 24.1 
(psi) 
5,081 
4,481 
3,552 
CORES 
STANDARD DEVIATIONS 
LABORATORY FIELD 
MIXTURES CYliNDERS CORES 
(MP,J (psi) (MP•) (psi) (MPa) (psi) (MPa) 
772 5.3 
35.0 786 5.4 543 'F 1,933 13.3 
707 4.9 
30.9 928 6.4 4()0 2.8 1,053 7.3 
24.5 993 6.9 384 2.7 759 5.2 
Figure 15. Compressive Strength versus Dry, Unit Weight for Laboratory Mixtures. 
DISCUSSION AND CONCLUSIONS 
At the onset of this study, it was hoped that the 
in situ concrete in District 6 would be more reliable 
than suggested by the cylinders. It became evident, with 
the progress of the investigation, that the problem could 
be restricted primarily to the cylinders. Cores from the 
in situ concrete indicated that it was, to a large extent, 
sound and reliable. Laboratory tests, which included all 
problematic variables that could contribute to low 
strength, made it more evident that the cause for the 
low·strength cylinders is qualitative and not quantitative. 
Identical materials and variations of air content up to 
ten percent have negated their consideration as causes 
for low strength. Based on this investigation and the 
interpretation of the ensuing data, which are subject to 
the investigator's opinion, the following conclusions are 
made: 
• 
140 '150 
( lb./ ft. .  ) 
I .  Cylinders were not representative of the in 
situ concrete in the majority of cases. 
2. A high percentage of the in situ concrete is 
sound and reliable. 
3. Aggergate type and( or) material type was not 
the cause for most low cylinder·strengths. 
4. Entrained air, up to ten percent, does not 
intrinsically cause failing cylinder strengths. 
5. The causes for the low cyliner·strength could 
be narrowed only to the quality of making 
specimens, which is dependent on the 
following: 
a. operator and 
b. type and method of making, storage, and 
curing. 
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APPENDIX A 
TEST DATA FOR CORES FROM DISTRICT 6 
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" 
" 
'" 
" 
• 
' 
'" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
'" 
" 
,, 
" 
" 
" 
,. 
" 
'" 
l l?H-tl$)·20 
HRli·26l·(7) 
!:U' l20(S) 
... 
"" 
m 
'" 
"' 
"' 
lll54 
16.1. & H 
l4A & B 
SJA & B 
'" 
SM I'< B  
87A & "B 
il51d<B 
36.1. 4 B 
" 
" 
'"' 
'"' 
'"' 
"' 
"' 
'" 
"' 
'" 
"' 
... 
'" "' 
'" 
'"' 
·� 
'" 
'" 
"' 
'" 
'" 
'"' 
FB 30 & loA 
fJI 261: & UD 
fQ 21 & 21,1. 
FD 41 
FB llD & J7� 
l'B 110 &. l!C 
I' 189 &. 189,1. 
"" 
f !Sl 
F !H 
FB..14 :.'< 14.1. 
F l8 &. 2M 
F 1�2B &. 1g1c 
F 109 A J09A 
F �04 & 204A 
f lOl & 20M 
f 101 4 lOlA 
F 193 & l9JA 
F 181 & ISlA 
F H I  
F !78 .!. &. c 
' 
' AA 
M 
' 
' 
M 
M 
M 
M 
M 
M 
AA 
" 
M 
' 
' 
A 
' 
• 
' 
' 
' 
• 
' 
DRY UNIT 
W�IIJIIT 
Ob/fL3)' O<Vm3) 
[41.4 
141.? 
141.5 
14!,5 
141.2 
14M 
14).7 
m.2 
1-44.8 
142.6 
142.9 
116,7 
1]8.7 
144.9 
[42.1 
141.1 
142.) 
136.0 
ll7.0 
-133.6 
])8.1 
])5.7 
m.o 
ll!,? 
m.5 
]l).l 
])6,5 
!l4.? 
Ill.! 
136.0 
131.3 
140.8 
135.9 
m.o 
l]J.O 
!31.� 
139.5 
14? .• 
144.0 
)l4.9 
140.2 
llU 
139.1 
14M 
138.9 
JlU 
14U 
141.) 
138.9 
140.0 
B9.9 
14),2 
14!.4 
141.6 
14>.6 
141.! 
2,326 
2,263 
2,2ll6 
2,267 
l.lll 
2,357 
1,323 
2,302 
1,181 
2,320 
2,184 
1,189 
2,190 
�.211 
1,311 
1,176 
2,161 
2,179 
2,119 
2,195 
1,140 
1,122 
2,173 
1,227 
1,174 
1,107 
1,199 
2,186 
2,161 
1,20) 
2,179 
2,118 
l.lSS 
2,178 
2,226 
2,1)0 
i,l91 
2,135 
2,401 
2.l:ll 
2.!61 
2,146 
2,160 
l,:ll? 
2,248 
2,115 
1,188 
2,ll8 
z.m 
1,143 
1,141 
2.294 
2,165 
1,169 
1,)01) 
1,166 
Slill UNIT 
W�IIJI!T 
(lb/hl) (ltflm3) 
141.3 
146.3 
143,6 
lfl,l 
145.4 
143.7 
144.9 
146.8 
147.2 
148.5 
141.5 
145.1 
HO.O 
143.4 
144.4 
145.0 
ll9.0 
142.0 
147,0 
144.5 
141.7 
144.3 
)38.3 
])9,3 
!36.9 
141.1 
138.0 
141.2 
131.8 
llU 
139.1 
!Ji,l 
ll7.0 
139.7 
ll8.4 
136.4 
143.0 
140.4 
141.1 
"135.1 
138.7 
J5l.7 
)42.4 
Ul.l 
)0,0 
138.1 
141.0 
142.0 
141.6 
14l.a 
140.8 
)J9.0 
14�.7 
144,8 
141.1 
140.8 
142.8 
ll1.2 
14l.7 
143.) 
141.6 
145.4 
143.9 
141.4 
143.3 
141.4 
143.4 
2,35� 
2,30 
2,300 
2,440 
2,328 
2,301 
2,320 
2,352 
2.358 
2,378 
1,314 
1,143 
1,196 
l,l!4 
1,313 
l,ll6 
1,174 
1,185 
2.312 
2,115 
1,1ll 
1,193 
1,160 
2,210 
2,2�1 
2,107 
2,145 
1,118 
2,115 
2,195 
l,ll? 
1,117 
2,184 
1,190 
2,249 
1,170 
2,164 
1,112 
2,445 
1,181 
1,421 
2..l45 
2,108 
2,190 
1,213 
1,2!9 
1,116 
2,168 
2,m 
1,256 
1,349 
2,198 
2,186 
1,:196 
1,168 
2,3l9 
2,306 
2,265 
2,2?6 
1,264 
2,297 
oou 
STRENGTH 
(p�) (!>IP•) 
7,360 
5,590 
5,140 
5,410 
5,050 
MlO 
�.990 
6,750 
5,950 
7,030 
6,845 
4,870 
2,810 
5,]00 
5,010 
4,880 
1,740 
1,!)0 
1,750 
4.7�0 
3,610 
3,970 
3,100 
3,790 
),070 
3,340 
1,450 
3,570 
1,250 
3.1!0 
),540 
3,010 
:;,700 
4,530 
4,2l0 
4,040 
l,ll?O 
1,310 
5,490 
4,140 
!,380 
6,410 
3.070 
4,870 
3,190 
3,880 
3,6!0 
3,680 
4,840 
3,625 
3,!20 
4MO 
5,050 
4,D40 
2,910 
4,730 
4,;!60 
!,2]0 
5,200 
4,140 
4,760 
4,510 
4,470 
50.15 
36.!4 
35.44 
17.30 
3U2 
30,41 
4l.l0 
46.54 
41.02 
4M7 
47.19 
33.58 
!9,37 
3U4 
M.61 
!),65 
U.89 
11.44 
noo 
3U6 
l5,86 
ll.Sl 
14.96 
17.31 
2U1 
16.13 
21.)7 
13.01 
16.89 
lUI 
11.41 
12.41 
24.41 
11.11 
18.61 
ll.ll 
l?.LO 
17.6! 
)?,9) 
)5.93 
l7.8! 
la.54 
l7.tt!l 
44.10 
21,17 
33.$8 
11.68 
26.75 
15.16 
)5,37 
33,37 
14.?9 
14.27 
]9.01 
l.l.44 
14.81 
27.85 
lO.IJ 
32.61 
30.20 
36.116 
15.85 
18.!4 
]2.81 
31.!1? 
JO.Sl 
... 
'" 
" 
" 
" 
•• 
'·" 
'·' 
... 
'·' 
" 
.. 
" 
" 
" 
... 
'·' 
••  
'' 
'·' 
'"  
1.J7 
... 
'' 
'·' 4.35 
'·' 
, ,  
4,02 
' "  
'·" 
•• 
'·' 
,, 
'' 
'" 
, ,  
'·' 
•.. 
•.. 
•• 
4,205 
4,510 
4,110 
4,255 
4,510 
3,110 
3,!15 
3,!190 
),liS 
2,765 
1,150 
1,115 
;!,260 
;!,180 
2,690 
],(140 
uso 
1,430 
2,650 
1,610 
1,710 
2,120 
1,670 
1,610 
3.150 
2,110 
1.630 
1,950 
"],170 
3,110 
1.110 
l,1SO 
],010 
1,9!0 
2,110 
1,690 
3,500 
1,110 
1,980 
.. � 
1,650 
1.410 
1,350 
2,320 
1,650 
1.550 
l,IIO 
1,880 
2,410 
2,480 
1,600 
2,600 
1,480 
1,480 
Z,JlO 
1,650 
l,l!O 
3,190 
],040 
2,780 
1,9!0 
1,110 
1,110 
2,830 
l.OlO 
1,810 
),000 
1.480 
3,010 
1,410 
2,780 
1,410 
1,130 
],190 
21.15 
16.06 
12.79 
IH5 
17.20 
lU9 
31.00 
1.!.41 
29.34 
31.00 
11.!5 
21.71 
ns1 
22.66 
lMi  
18.96 
18.7l 
18.41 
111.15 
14,61 
IMl 
IS.06 
11.71 
14.61 
18,13 
lOJ4 
11.86 
21.44 
18,15 
U.4! 
10.82 
20.61 
18.7! 
18.$! 
24.1! 
]4,62 
27.44 
!7 .. 93 
18.l7 
16.6'.1 
16.20 
1!.99 
111.27 
17.!8 
11.44 
1�.86 
16.69 
17.10 
17.93 
17.9! 
17.10 
17.10 
IS.9� 
!8.11 
16.10 
2l,68 
20.96 
!9.11 
l0.34 
14.62 
14.61 
)9.51 
20.82 
19.!1 
21.!0 
17.10 
20.7! 
16.69 
!9.17 
16.M 
U.JS 
1l.6S 
U6.3 
llU 
IJS.S 
Jl4.l 
IJU 
136,1 
119.0 
m.6 
IlL! 
JJ5.5 
m.a 
lll.l 
U5.6 
l2U 
137,1 
13U 
uu 
!26.! 
119.8 
l,ISJ 
2.1U 
l,l7S 
l,UI 
2,154 
2,]90 
2.1)66 
l,l40 
uoo 
1,171 
2,111 
1,134 
2.171 
1,079 
),198 
uo 
2,150 
2,031 
1,07� 
A-l 

APPENDIX B 
TYPICAL CONCRETE MIX DESIGNS 

CONCRETE MIX DESIGN 
Res . Prcij . No . N-78 nate 3 - 1 8 - 7 6  
Class o f  Concrete _________ AA�--------
MATERIALS IDENTIFICATION 
Cement : Type _;:A ________ _ 
Brand __ s_p_e_e_d ______________ __ 
Coarse Aggregate : 
Fine Aggregate : 
Type · Crushed Limestone 
Source Central Rock 
Type --�N�a�t�u=r�a=l�·�S=a�n�d�-----
source Copgeltons 
MATERIALS DATA 
Spec ific Gravity (SSD) 
Specific Gravity (OD) 
Absorption (%} 
Coarse Aggregate 
2 . 7 0 
2 . 6 3 
2 . 4 % 
Fineness Modulus 
Dry Rodded Unit Weight 
Maximum Size 
Fre� Moisture 
N/A 
9 8 lb/ft
3 
1 "  
1 .  2 %  
Fine Aggregate 
2 . 6 9 
2 . 6 5 
1 .  4 2  
2 . 9 0 
N/A 
N/A 
4 .  3 % 
B-1 
MIX DESIGN 
. Ag\j�"'gal:<:> P;poporl;i�ns A¢cordin9 to b/b0 Concept 
d���n� fi.dfor··;,· '"".""6;.;·;.;6;... _,_-.;....--'bags/ya3 . 
�i,, �&dded unit weight . 
W/c Ratio -�· 4;..:4;,.__ Air Content __ _.!!6 __ %. 
'l;>b "' <ley: <s!'>iid we.;ig ht -
9 8  
• • 
o= ;.,..--=.2,:,.• :::.;6 3:;..__ X 6 2 .• 4 
1>/'PJ . = ,;._,..;,.,.;'�6'"'6 ,..,;.._,_-<':l'ab:t.e) 
1b/ft
3
3 
1b/ft ; --�·26�0 ____ .;_ ____ ___ 
= 16 4 . 1  
, 6 6  X . 6 0 = . 3 9 
¥<i . . . <= b x . 27ft3 = ._;....,.....;..;.....:X27 = __ 1_0_._6_4 __ ,ft3 /yd3 
C:/ 
< : .>>----- ; - -�-� - -- ' 
vo� . .;, v.;• ... < ... v.· .. c .. A. · .... + ... v: . .  ·c· ·. +Vw.· + VA. ) -< �"11 ' ,.< >·- ,-� >_, 
. . 
v. . .... .. . 2.7 
FA 
'
! 
r
,
/ ··· 
�dnstifueriti · >
'
'
,--
; 
< Air 
( 1 0 : 6# 3 . 16+ 4 . 41+ 1 . 6 2 ) := 7 . 17 ft3Jyd3 
DRY WE!GHTS 
Weight 
(lb/yd3) 
0 L.§_%)x27 
2 7 5 . 2 2  2 7 5 . 2 2l.b/yd 3  X 
1 
Volume 
{ft3jyd3) 
1. 6 2  
(1) (62 .4) 4 .  4 1  
-6_2 o_._4_o _ 6 2 0 . 4 1lb/ 03 x - y 
' < �.:\''-�_-:-:··-> __ ,: 
-�-_-_: ;, ,
'' ' 
,
' 
' 
�Jner�\jgr 7-t7ft3jyd3x 2 . 6 5 x62 . 4  lb/ft3 11 85 . 63 
.··•. ···. · . .•..•... • .• .•. . .
. 
· ··.·.. ·. ·. . .  · :SG (l$SD) · cp!!,f��. c· ·.
· ·.···· ·· .. 
< · ·····•···
·
.· ··
···· 
f\llll"' 1g. 6.4ft3fy<13x 2 ,7o x 62 .4 1b/:Et3 1 7 9 2 . 6 3 . . . . SG (SpD) 
Total. 3 8 7 3 . 88 
B-2 
1 
3 . 15 (62.4) 
3 . 16 
v = 7-17 
FA 
Tota1 2 7 . 00 
Batch size ____ 2�----�ft3 X __1_3 = . 0 7 d3 
27ft ----��-----I 
Dry Wei�hts SSD l�eights 
water = . 07 yd3 X 
Cement = . 0 7 yd3 X 
F ine Aggr = . 07 yd3 X 
coarse 
yd
3 
Aggr .. . 0 7 X 
· Batch Weights 
Fine Aggregate = .(SSD wt x 'MC) (1) 
3 . 6  
(lb/ft ) . 
2 7 5 . 22 = 
6 2 0 . 4 0  = 
1 1 8 5 . 63 = 
17 9 2 . 63 = 
Tota11 
+ SED Wt = Batch Wt 
8 2 • 9 9 X 4 • 3 + _ _;;8.::;.2.;.,.• :..:9 9::,__� = _ __;8:.:6:.:•_:6 ___ _ 
•.oarse Aggregate = (SSD Wt x MC)(2l SSD wt = Batch Wt 
1. 5  1 2 s . 48 x 1. 2 + 1_2_5_._4_s ____ .. _1.;.,.2_1_. o ___ _ 
Water = SSD Wt - (1) - (2) = Batch Wt 
(lb) 
1 9 . 2 6 
4 3 . 4 3 
8 2 . 9 9 
! 2 5 . 4.8 
2 7 1. 16 
19 . 2 6 3 . 6  -"'-'1 .:.::5 __ = __ .�.;U:t-.·""2 ___ _ 
Batch Weights 
{lb) 
Water 1 4 . 2  
Cement 4 3 . 4  
Fine Aggr 8 6 . 6  
Coarse Aggr 1 2 7 . 0  
Total2 271 2 
+Additives AE = 1 4  cc 
+Additives 
B-3 

APPENDIX C 
EXAMPLE OF TOTAL VOID CALCULATIONS 

\-1 
,... 
A�ALYSIS UF M I X  D E S IGN NO o  
I l l  DESIGN UNIT W E IGHT! AIR FREE BAS ! S J .  
t SS U  W T  O F  CA+ FA+CEMENT+WATERJ 
1 2 1  D E S IGN UNIT WEIGHT f 1-AIR CONTENT) ( ( l J I 
1 3 1  t-.ET M I X ING WATER ! A CTUAL WATER USEOJ 
( 4 1  WATER REQUIRED FOR HYORATIONI .244=W/C l •  
f o 244 OIT O F  CEMENT I /2 7 1  
1 5 1  S S D  U N I T  W E IGtiT O F  AGGREGATE 1: CEMENT, 
( 1 2 1 - 1 3 1 1  
! 6 1  WEIGHT DRY CEMENT 194Xf 8AGS/YD3 1 / 2 7 l  
! 7 1  S S D  WE IGHT OF AGGREGATE 1 1 5 1 - 1 6 1 )  
1 8 1  EVAPORABLE WATER IN AGGREGATES 1 1 % O F  1 7 l J ,  
I ESiiMAT E I  
( 9 1  TOTAL EVAPORABLE WATER 1 1 3 1 - 1 4 1 + 1 8 1 1  
l lA 2 2 A  ' 3A 
tLB/CUBIC fEET1 1 $3 . 1 80 1 53 . 640 1 53 . 1 80 1 5 3 . 640 1 53 . 1 80 1 5 3•640 
t KG/CUBJC M!':TERJ 2453. 708 2461.071 2453 ... 708 2461 . 077 2453.708 2461 .077 
ILB/CUBIC FEET!  150. 1 16 1 5 0 . 567 147•053 141.494 143.989 144.422 
1KG/CUBI C . ME T E R I  2404.634 24 1 1 .855 2 3 5 5 . 5 60 2362.634 2306.486 2 3 1 3.412 
( L B/CUB!C FEET! 8 . 380 7 . 960 9.000 8 . 180 8 . 630 7 . 930 
IKG/CUB[C METER! 1 34.23? 1 2 7 . 50 7  1 4 4 . 1 6 6  1 3 1 . 0 3 1  1 38 . 2 3 9  1 2 1 .026 
IL8/CU8!C FEET I 5.607 5e607 5.607 5.607 5 . &07 5 .607 
!KG/CUBIC METERl 89.809 89.809 89.809 89.809 -89.809 89.809 
I L B/CUBIC FEETJ 1 4 1 .736 142.607 1 38. 053 1 3 9 . 3 1 4  1 35 . 359 136.492 
!KG/CUBIC METER! 2 27.0.399 2284.348 2 2 1 1 . 394 223 1 . 602 2 1 68.246 2 1 86o385 
ILB/CUBIC FEET! 22.978 2 2 . 978 22.978 2 2 . 97 8  2 2 . 9 7 8  22.978 
!KG/CUB I C  METER! 368•068 368.068 368.068 368.,068 368.068 368.068 
ILB/CUBIC F E E T J  1 18.759 1 19 . 629 1 1 5 . 0 7 5  1 16 . 337 1 1 2 . 3 8 1  1 1 3 . 5 14 . 
!KG/CUBIC METERl 1 9 0 2 . 3 3 1  1 9 1 6 . 279 1843.325 1863.534 1 8 00 . 1 77 1 8 1 8 .3 1 7  
ILB/CUBIC FEET I 
!KG/CUBIC METER! 
ILB/CUBIC FEETl  
!KG/CUBIC M ETER I  
1 . 1 88 
19.023 
3.961 
63 .. 449 
1 . 196 
1 9 . 1 6 3  
3 .. 550 
56.861 
1 . 1 5 1  
1 8 . 433 
4 . 5 44 
12.791 
1 . 16 3  
1 8 .635 
3.737 
5 9 . 8 5 8  
1 . 1 24 
18.002 
4 . 147 
66.432 
1 . . 1 3 5  
1 8  .. 1 8 3  
3.459 
5 5 . 40 1  
1 1 0 1  THEORETICAL DRY UNIT W E I GHT O F  CURED CONCRETE, ILB/CUBIC F E E T !  1 46. 1 55 147.017 142.509 1 4 3  .• 75B 139.842 140.963 
t l 2 1 - 1 9 1 1  !KG/CUBIC METER! 2 3 4 1  .. 1 8 5  2354.994 2 2 8 2 . 769 2302 .776 2240.053 2258?>0ll 
1 1 1 1  VOIDS DUE T O  EVAPORABLE WATER 1 1 ( 3 1 - f 4 1 J /62.4 1 
X 100 1 4•445% 3 . 772% 5.438% 4.124% 4e845% 3 o 723% 
1 1 2 1  VOIDS DUE TO DENSIFICATION O F  HYDRATION WATER, 
1 1 1 . 00-0.7 1 6 1 1  X 1 4 1/62 e 4 1  2 . 55 1% 2 e 5 5 1 %  2 . 5 5 1 %  2 . 5 5 1 %  2 . 5 5 1% 2 . 5 5 1 %  
1 13 1  TOTAL VOIDS ATTRIBUTED TO MIXING WATER. 
{ { 1 1 1 + ( 1 2 ) )  6.995% 6 e 322% 7e989% 6 o 675% 7e396% 6 e 274% 
" 
1 14-1 VOIDS DUE TO ENTRAINED A I R I D E S I GN A IR CONTENT) 
f 1 5 1  TOTAl THEORET ICAL VOIDS; DRY CURED CONCRETE. 
1 1 1 3 1  ... 1 14 1 1  
f 16 1  THEORETICAL, MAXIMUM DRY UNIT WEIGHT OF SOLIDS 
{ { 10 1 / 1 1 .00- t l 5 1 / 100 l l  
1 17 1  THEORETICAL APPARENT SPECIFIC GRAVITY O F  
SOLIDS t ! l6 1 /62 e 4 1  
2.ooo:t z .. ooot 4.000% 4 . 000% 6.000% 6 ,. 000% 
8 . 995% 8 o 322% 1 1 . 989% 1 0 . 675% 1 3. 396% l2e274% 
160.602% 1 60 . 363% 1 6 1 e 9 2 1 %  160.937% 1 6 1 .473% 160e686% 
2 . 574% 2 e 5 70% 2. 595% 2 e 579% 2 . 5 88'% 2 .. 515% 
c;"l .,.. 
ANALYSIS iJF 'MIX DES-IGN N O ;.  
I ll  DES1t;N UNIT W E I GHT! Alit FREE '6 A S I S h  
i SS D  W T  O F  CA�FA+CEMENT+WATER l 
1 2 l  D E S I G N  UNIT W E I GH T { l_:AIR CONTHJ'fl ' ! � I l l  
1 3 l  NET '"1IXING WATER t ACTUAL WAfER U S E O J  
1 4 1  W A T E R  REQUIRED FOR HYDRATION ( .244==W/C I •  
( ., 244 i WT O F  CEMENT I /27 1  
1 5 1 .  SSO U N I T  WEIGHT OF AGGREGATE �.; CEMENT .. 
( ( 2 ) - ( 3 ) 1  
( 6 )  WEIGHT DRY CEMENT 1 94X I8AGS/YD3 l /27 J 
1 7 J  SSD W E IGHT O F  AGGREGATE I I 5 l - 1  6 J l 
1 8 1  EVAPORABLE WATER IN AGGREGATES 1 1 % OF 1 7 1 1 , 
I E S T I M A T E J  
( 9 1  TOTAL EVAPORABLE .iATER 1 1 3 1 - 1 4 1 + 1 8 ) 1  
4 4A 5 5A 6 6A 
tLB/CU B I (:  FEETJ 1 5-3.1'80 i-53 .. 640 I S3 . HIO 1 5 3 . 640 154.310 1 5 4 .870 
tKG/CUBIC METER} 2453w708 2461•077 '2453.708 2461 ... 071 2472 . 7 70 2480.719 
'll 8/CU5IC  FEETJ 1A0 .. 926 141.349 l37.B62 1 3 8 ., 276 1 5 1 . 28 3  1 5 1 .773 
!KG/CUBIC METERl 2 2 5 7 ;, 4 11 2264.190 2208 .. 337 2 2 1 4.96CJ 2 4 2 3 . 3 1 4  2 4 3 1 . 1 6 3  
I L B/CUBI C  F E E T l  8.080 7 . 7 8 0  7 . 7 0 0  8 . 130 9 . 1 30 8 . 760 
{KG/CUBIC METERl 129.429 124.624 1 2 3  .. 342 130�230 146. 249 140.322 
{LB/CUB I C  FEETJ 5. 607 5.607 5.607 5 . 607 5.097 5 .097 
tKG/CUBI·C METE:Rl 89.809 89.809 8 9 ,. 8 0 9  89.809 8 1  .. 644 8 1 .644 
t l B/CUBIC F E E T J  1 3 2 . 846 1 3 3 . 5 6 9  1 30 . 1 6 2  130 . 1 46 1 42 . 1 5 3  143.013 
!KG/CUBIC METERJ 2 1 27.982 2139.567 2084.995 2084.739 2277.066 2 2 9 0 ,. 8 4 2  
lltl/CUBIC F E E T !  22.978 2 2 . 97 8  22.97B 2 2 . 97 8  2 0 . 8 8 9  2 0 . 8 8 9  
IKG/CUBIC METERJ 368.068 3 6 8 . 0 6 8  368.068 3 6 8 . 0 6 8  334.608 334.608 
{ L 6/CUBTC F E E T I  1 0 9 . 8 6 8  1 1 0 . 59 1  1 0 7 . 1 84 1 0 7 . 1 6 8  1 2 1 ,. 264 1 2 2 . 12 4  
iKG/CUBIC M E T E R !  1 7 5 9 . 9 1 3  1 7 7 1 . 4 9 8  1 7 1 6 . 9 2 6  1 7 1 6 .670 1 9 4 2 . 4 5 8  195 6 . 2 34 
ILB/CUBIC F E E T  I 
tKG/CUBIC METER!  
ILB/CUBIC F E E T  I 
IKG/CU3IC METERI 
1 . 0 9 9  
1 7 . 5 9 9  
3 .. 5 7 2  
5 7 . 2 2 0  
1 .. 106 
17 .. 7 1 5  
3.279 
5 2 . 530 
1 . 0 72 
1 7 . 1 6 9  
3 . 1 6 5  
50.703 
1 . 072 
1 7 . 1 6 7  
3 . 595 
" 5 7 . 5 8 8  
1 . 213 
1 9 . 4 2 5  
5 . 2 4 6  
84.029 
1 . 221 
19 .. 562 
4�884 
78 .. 240 
1 10 1  THEORETICAL DRY U N I T  W E I GHT OF CURED CDNCRE T E 9  · t LB/CUBIC FEET J 1 37 . 3 53 1 3 8 .06q 1 34.697 134 .. 681 146.037 146 .. 8 8 8  
( 1 2 1 - ( 9 1  I !KG/CUBIC METER I 2200 .. 1 9 1  2 2 1 1  .. 660 2 1 57 . 6 3 4  2 1 5 7 .3 8 1  2 3 3 9 . 2 6 6  2 3 5 2 . 9 2 4  
1 1 1 1  V O I � S  DUE TO EVAPORABLE WATER 1 1 1 3 1 - 1 4 1 1 /6 2 . 4 1  
X 1 0 0 1  3 .. 964% 3e483% 3 .. 355% 4e044% 6 .. 463% 5 .. 870% 
t 1,21 VOIDS DUE TO OEN S I F I CATION OF HYDRATIO�l WATERt 
1 1 1 .00-0 . 7 1 6 1 1 X 1 4 1 /6 2 . 4 1  2 .. 5 5 1 %  2 .. 5 5 1 %  2 .. 55 1% 2 . 55 1 %  2 . 3 1 9 %  2 .. 3 1 9% 
1 13 1  TOTAL VOIDS ATTRIBUTED T O  M I X I N G  WATER, 
1 ( 11 1 + 1 1 2 1 1  
1 14 1  V O I D S  DUE T O  ENTRAINED A I R I D E S I G N  A I R  CONTENT ! 
I 1 5 1  TOTAL THEORETICAL VOIDS ; DRY CURED CONCRETEt 
l f l 3 J • t 1 4 l J  
1 1 6 1  THEORETICAL. �AXIMUM DRY UNIT WEIGHT O F  SOLIDS 
1 1 10 1 / f l .0 0- 1 1 5 1 / 1 00 ) )  
1 17 1  THEORETICAL APPARENT S P EC I F I C  GRAVITY O F  
SOLIDS 1 ( 16 1 /62 .. 41 
6 .. 5 1 5% o.034% 5.906% 6 .  595% 8 .. 782% 8 .. 1 8 9 %  
8 .. 000% 8 .. ooot 1 0.000% 1 0 . 000% 2 .. ooot 2 . ooot 
1 4 . 5 1 5% 14.034% 1 5.906% 16 .. 595% 1 0  .. 782% 1 0 . 1 89% 
160.675% 160. 609% 1 6 0 . 1 7 3 %  1 6 1  .. 478% 1 6 3 . 6 8 6% 163 .. 553% 
2 .. 575% 2 . 574% 2 .. 567% 2 .. 5 8 8 %  2 . 6 2 3 %  2.621% 
n 
.., 
ANALYSIS OF 1'1IX D C S I Gi�< NG. 
I ll  DESIGN iJNIT 1h€ I G H T t A T R  FR:t:E P.AS I S l t  l l t3/tuBlC FEET) 
(SSO ioiT OF (.A+f:A+CEJ-\[NT+\-IATER} CK�/CUBlC MET€Rl 
1 2 1  D E S I G N  U N I T  W E I GHT { l- A I R  CONTENTJ 1 t l l l  t L s/tuarc. H�er, 
tKG/CUB I C  METERl 
" ' NET M I X I NG WATER I ACTUAL WATER USEDl tLB/CUBIC FEETl 
U<G/CUBI C  M E T E R !  
1 4 1  WATER REQUIRED fOR HYDRATION( . 2 44�W/C J ,  tl8/CUBIC FEET I 
t .. 244 (�T OF CEMENT I / 2 7 1 !KG/CUBIC METER! 
1 5 1 SSO U N I T  �EIGHT OF AGGREGATE & CEMENT, (LB/CU6IC F!:ET I 
1 1 2 1 - 1 3 11 !KG/CUBIC HETERI 
1 6 1  W E I GHT ORY CEMENT 1 94 X I BAGS/VD 3 J /2 7 l  {LB/CUBIC F E E T  I 
!KG/CUBIC METERl 
1 7 1  SSD WEIGHT 0� AGGREGATE I ! S J - 1 6 1 1  I L B/CUBIC F E' E T I  
!KG/CUBIC M E T E R !  
1 8 1  EVA?ORABlE WATER I N  AGGREGATES I I % OF 1 7 1 1 ,  I L B/CUBIC FEET J 
I ES T I }o! A T E l  !KG/CU B I C  M E T E R !  
1 9 1 TOTAL EVAPORABLE �ATER 1 ! 3 1 - 1 4 1 + 1 8 1 1 I L B/CUBIC F E E T )  
IKG/CU�IC METERl 
I 1 0 1  THEORETICAL DRY U N I T  W E I G H T  OF CURED CDNCRETE9 tlB/CUBIC F E E T ) 
1 1 2 1 - 1 9 1 1 
I ll I VO I D S  DUE TO EVAPORABLE WATER 1 ( 1 3 l - 1 4 1 J / 6 2 . 4 1  
X 100 I 
I 12 I V O I 0 S  DUE TO O E N S I F I C A T I O N  OF HYDRATION WATER9 
l l l . 00 - 0 . 7 l 6 l l  X 1 4 1 /6 2 . 4 1  
I 1 3 1  TOTAL V O I D S  ATTRIBUTED T O  M I X I N G  WATER• 
1 ( 1 1 1 + 11 2 1 1  
1 141 VOIDS DUE TO €NTRAINED A I R t DE S I G N  AIR CONTE�TI 
1 15 1  TOTAL THEORETICAL V O ! D S ; O R Y  CURED CONCR E T E t  
t l l 3 J  + 1 1 4 1 1  
1 1 6 '  THFORETICALt MAXI MUM ORY UN I T  WEIGHT O F  SOLIDS 
1 1 10 1 / 1 1  .. 00-1 I 5 1 / 1 JO J I  
1 17 1  THEORETICAl APPARENT S P E C I F I C  GRAVITY D F  
S O L I D S  1 1 1 6 1 /62.4 1 
I KG/CUiHC M E T E R !  
7 7A 
154.371) 154.870 
24'72 .. 710 2480 -..77'1 
1 4 8 . 1 9 5  148.675-
2 3 7 3  .. 8 5 9  2 3 8 1 . 5 4 8  
a. 760 7.960 
1 4 0 . 3 2 2  I27 -.. 507 
5 .. 097 5 . 0 9 7  
8 I  .. 644 8 1 . 644 
I 39 .. 435 140 -.. 7 1 5  
2 2 3 3 . 5 3 7  2254.041 
2 0 . 8 8 9  2 0 . 8 8 9  
334.608 334.608 
1 1 8 . 546 l l 9 . 8 2 6  
1898.929 19I9 .. 433 
1 . 1 85 1 . 1 9 8  
1 8 . 9 8 9  1 9 . I 9 4  
4 .. 849 4.06I 
77.667 65 .. 057 
1 4 3 . 347 144 -.. 614 
2 2 9 6 . 1 9 2  2316.491 
5 .. 870% 4-568% 
2 .. 3 1 9% 2 e 3 I9% 
8. 189% 6.907% 
4 .. 0 00% 4 .. 000% 
1 2 . 1 8 9% 10.907% 
163 .. 245% 1 6 2 . 3 1 8 %  
2 .. 6 1 6% 2 . 6-01% 
B BA 9 9A 
154.370 154 .. 870 1 5 4 . 3 7 0  154.�70 
2472.770 24�0.719 2472;, 770 2480 .. 179 
1.45. I 0 8  I45 .. 578 142.020 I42 .480 
2324.404 2331.932 22 74.'948 2 2 8 2 . 3 I 7  
q.,2oo a.soo 8 . 600 7 . 7 0 0  
I 4 7 . 3 7 0  1 3 1 . 1 1:8 131 .. 759 1 2 3 . 3 4 2  
5 . 097 5 . 091 5 .. 097 5.097 
8 1 . 644 8 1 -.. 644 81 .. 644 8 1 .644 
1 35 . 9 0 8  1 3 7 -..0 18 LB.420 134.780 
2 1 77.034 2 1 9 4 . 8 1 4  2 1 37 . I 89 2 1 5 8.974 
20 .. 889 20 -.. 889 2 0 . 8 8 9  20.889 
334-.. 608 334.608 334.608 334 .. 608 
1 1'5 -.. 0 1 9  1 1 6 . 129 11 2 . 5 3 1  1 1 3.891 
1842 .. 426 1 860 .. 206 1 8 0 2 -.. 5 8 2  1824.367 
I .. I 5 0  1 . 16 1  1 . 1 2 5  1 ... 1 3 9  
18.424 1 8 .602 1 8 . 0 2 6  1 8 . 24 4  
5 .. 253 4 . 6 2 4  4 . 6 2 8  3 .. 742 
84-.. 1 5 0  7 4  .. 076 74 .. 140 59 .. 941 
1 39 . 8 5 4  1 4 0 . 9 5 3  1 3 7 . 3 9 2  1 3 8 . 7 3 8  
2240.254 2 2 5 7  .. 8 5 6  zzoo. 808 2222 .. 3 7 5  
6 .. 575% 5 . 5 5 0 %  5 .. 6I4% 4 .. 11'2% 
2 - 3 1 9% 2 .. 3I9% 2.3I9% 2 .. 319% 
8 .. 894% 7 .. 869t 7 .. 9332: 6 .. 491% 
6·000% 6 .. 000% 8 .. 000% a .. ooot 
1 4 . 894% 13 .. 869% I S .  933% 14 .. 491% 
164.331% 163.650% 1 6 3  .. 431% 162 .. 249% 
2.634% 2 . 623% 2 .. 619% 2a600% 
ANALYSIS OF MIX D E S I G N  N O .  1 0  lOA ll l l A  1 2  I Z A  
C"l 
,I. I ll DESIGN UNIT WEIGHT � A I K  F�EE BAS I S I ,  !LB/CUBit FEH I 1 5 4 . 3 7 0  1 5 4 . 8 7 0  1 5 1 . 3 50 1 5 1  .. 1:106 1 5  I. 3 5 0  1 5 1 - 80 0  { SS D  W T  O F  C A + FA+CEMENT+WATERl !KG/CUBIC METER} 2412.110 2480 .. 779 2424.394 243 1 . 60 3  2424 .. 394 2431 .. 603 
1 2 l  D t: S I G N  U N I T  -WEIGHT! l - A I R  CO.'HEf\fTl { { 1) )  � L B/CUSIC F E E T l  1 3 8  .. 9 3 3  1 3 9 . 3 8 3  1 4 8 . 3 2 3  148.764 1 4 5 ;, 2 9 6  145.?28 
{ K G/ C U B I C  M E T E R !  2225.493 2232.701 2 3  75.906 2 3 8 2 . 970 232? .. 419 2 3 3 4 . 3 3 8  
" '  N E T  �IXING W A T E R  ! A CTUAL W A T E R  U S E D l  tlB/CUBI( FEET ! 8 . 1 60 7 .. 260 8 . 5 4 0  9 .. '570 8 . 3 2 0  7 . 12 0  
{KG/CUBIC METER! 1 3 0 . 7 1 1  116.294 1 36. 798 1 5 3  .. 297 1 33 . 274 1 1 4 . 0 5 1  
1 4 1  WATER REQUIRED f. O R  HVORAT I O N (  . 2 44=W/C I ,  l L B / C U B I C  'I:H T I  5.,;097 5 . 09 7  5 .. 097 5 . 091 5.097 5 .09? 
{ ., 244 I WT OF CEMENT J /27 1 ! K G / C U B I C  METER! 8 1 . 644 8 1 . 644 8 1 .644 81 .. 644 8 1 . 644 8 1 . 644 
! 5 1  550 UNI T W E I G H T  OF AGGREGATE & CEMENT? I L B/CUBIC F H T J  1 30 . 7 7 3  1 32 . 1 23 1 39 . 7 8 3  139 . 19 4  1 36.976 1 3 8 . 60 8  
I 1 2 1 - £ 3 1  J IKG/CUeiC M E T E R )  2094.782 2 1 1 6 . 407 2 2 3 9 . 1 0 9  2229.614 2 19 4 . 1 4 5  222{).287 
1 6 l  W E I G H T  DRY CEMENT f 9 4 X I BAGS/YD3 1 /2 7 1  ILB/CUBIC F H T J  20.889 2 0 . 88 9  20.889 2 0 . 88Q zo. 889 2 0 . 889 
(KG/CUBIC M E T E R !  334.608 334.608 334.608 334.608 334.608 3 3 4 . 6 0 8  
l7l S S D  W E I GHT OF AGGREGATE l l S I - 1 6 1 1  I L B / C U B I C  F E C T J  1 0 9 . 8 8 4  11 1 . 23 4  1 18 . 894 1 18 . 305 1 1 6 . 0 8 7  117 .. 7 1 9  
! K G / C U B I C  M E T E R J  1 7 6 0  .. 1 74 1781.799 1904.501 1 8 9 5 . 066 HI 59. 53? 1 8 8 5 . 679 
l 8 l  EVAPORABLE WATER IN AGGREGATES 1 1 % OF ( 7 J h  I L B/CUBIC FEET J 1 . 099 1. 1 1 2  1 . 1 89 1 . 1 83 1 .. 1 6 1  1 . 177 
! ESTIMATE I !KG/CUBIC METERJ 1 7 . 6 0 2  1 7 . 8 1 8  1 9 . 0 4 5  1 8 . 951 1 8 . 595 18 .. 857 
1 9 l  TOTAl EVAPORABLE �ATER 1 1 3 1 - 1 4 1 + 1 8 1  I llB/CUBJC F E E T J  4. 1 62 3 . 27 5  4 . 6 3 2  5 . 656 4. 384 3.200 
IKG/GUBIC METER! 66.668 52.468 74.198 90 .. 603 70.225 5 1 . 26 4  
{ 1 0 1  T H E O R E T I C A L  DRY UNI T "'E I G H T  OF C U R E D  C O .'IJC R E T E ,  fLB/CUBJC F E E T !  1 34 . 7 7 1  136 .. 1 0 8  1 4 3 . 6 9 1  1 4 3 . 108 1 40 . 9 1 2  142 .. 528 
I I �  J - ( 9 1  I !KG/CUBIC M E T E R J  2 1 5 8 . 8 2 5  2 1 8 0  .. 2 3 3  2 3 0 1 . 708 2292.367 2 2 5 7 . 1 9 4  2 2 8 3 . 0 7 4  
{ 1 1 1  VO I O S  DUE T O  EVAPORABLE WATER 1 1 1 3 1 - 1 4 1 1/&2 . 4 1  
X 100 I 4.909% 3e467% 5 . 5 1 8 %  7 . 168% 5 . 1 65% 3 . 242% 
( 1 2 1  V O I D S  DUE TO OEN S I F I C A T I O N  O F  HVORATTO� WATER� 
1 1 1 . 00-0 . 7 1 6 1 )  X 1 4 1 /6 2 . 4 1  2 · 3 19% 2 .. 3 1 9% 2 . 3 1 9% 2 .. 3 1 9 %  2 e 3 1 9% 2 . 3 19% 
( 1 3 )  TOTAL V O I D S  ATTRIBUTED T O  M I X I N G  WATERo 
1 1 1 1 1 + 1 1 2 1 1  7.228% 5 . 785% 7 . 8 3 7;': 9 . 487% 7.484% 5 . 56 1 %  
( 141 VOIDS DUE TO ENTRAINED A I R I D E S I GN A IR CONTFNTJ 1 0 . 0 0 0 %  10 .. 000% 2.ooo% 2 . 000% 4 .. 000% 4 . 000% 
( 1 5 1  T O T A L  THEORETICAL V O I D S ; D R Y  CURED CONCP. ETE-, 
1 ( 1 3 ) + ( 1 4 1 1  1 7 . 228% 1 5  .. 785% 9 . 8 3 7 %  1 1 ·487% l l - 484% 9 . 561% 
( 16 J THEORETICAL, MAXT MU'-1' ORV UNIT W E I G H T  OF SOLIDS 
{ ( 1 0 } / l l . 00- 1 1 5 1 / 1 0 0 1 )  1 6 2 . 8 2 2 %  1 6 1 . 620% 1 5 9 . 36?% 1 6 1  .. 68 1% 1 5 9 . 194% 1 5 7 . 596% 
f 1 7 1  THE(}RETICAL A P P A R E N T  S P EC I F I C  G R A V I T Y  O F  
SOLIDS { 1 16 1 / 62 . 4 )  2.609t 2. 590% 2. 554% 2 .  59 1% 2 . 5 5 lt 2 . 526% 
l"'l 
"' 
ANALY!i-15, OF M I X  0ESI--GN"N0i.-
1 U.., D E S I G N  UNtr_ 'WEI-GHT(AIR FR.E£ 8AS I S I .  
-t: S S D  :WT ,OF C A+FA+CEMENT+WATEP:l 
t 2 )  D E S I-GN :UNIT' -WE!GHrtl-:AlR COIHE"'TI l U l l 
1 3 1  NET MIXING WATER !ACTUAL- IJATER USEtll 
1 4 1  WATER REQUIRED FOR HYDRAT I ON I • 2 44=W/C J ,  
( • 244 I tjT OF CEMENT J /27 I 
( 5 1  S S O  UNIT W E I GHT OF AGGREGATE C. CEMEI�T, 
( 1 2 1 - 1 3 1 ) 
' b l  WEJ GH'f DRY C EMEi�T I 94X1 BAGS/VD3 l /2 7  1 
' "  S S D  W E I GHT OF AGGREGATE 1 1 5 1 - ! 6 1 1  
I B I  EVAPORABLE WATER IN AGGREGATES 1 1 % OF 1 7 1 1 ,  
I E S T I I-'ATE J 
1 9 1  TOTAL EVAPORABLE �ATER 1 1 3 1 - ! 4 1 + 1 8 1 1 
ilBlCU8I-C FEEJl 
CK'G/CUBIC M'!:TERJ 
13 i3A 14 
1 5 1 . 3'5d 1 5 1 . 8 0 0  1 51 .-3 5 0  
L424.394 2431 . 6 0 3  2424.3-94 
r4A l'5A 
15t-.. 8o-o t 5 1 .; :35 o  1s1:.;8oo 
2 4 3 1 . 6 0 3  2424• 3'94 2431-.603 
ILB/CUBIC FEttJ 142.269 142.6'92 1 3-9.242 139.&56 1 3&-� 2 1 5  136.620 
t1<G/CUBIC M E T E R l  2 2 7 8 . 9 3 1  2265.707 2230•443 2i37i074 2 1 8 1 .-955 2 i a e:.442. 
t l B/tu-B I C  F E E T I  8 .. 2:70 8 . 170 7 .f..40 7 . 7 0 0  7 :. 6 7 0  7*520 
{KG/CUBIC MET E R !  U2.473 1 3 0 , 8 71 122 .. 381 1 2 3 . 342 i22.'862 120.-459 
I L B/ CDB I C  FE ET I 
fi<G/CUBIC METER.l 
na/cue-rc FE E Tl 
1KG/COBIC METERJ 
5 . M7 5.'097 
8 i .644 8 1  .. 644 
I 33.9"99 134.522 
2 1 46 . 4 5 8  2 1 5 4 • 8 3 5  
5.097 s .0 9 7  s.097 
8 1 .644 8 1 .644 8 1 . 644 
1 3L. 602 131.'15& 1 2 P- . 545 
2 1 08 . 0 6 2  2 1 1 3 . 7 3 2  2 0 5 9 . 0 9 3  
5 . 097 
8 1 . 644 
1 2 9 . 1 0 0  
2 0 6 7 . 9 8 3  
i L B / C U B I C  F E E T J  2 0 . 8 8 9  2 0 . 889 2 0 . 8 8 9  2 0 . 889 2 0 . 8 8 9  2 0 -. 8 8 9  
! K G / C U B I C  M E 'T E R !  3 3 4 . � 0 8  334.608 334.60E 3 3 4 . 6 0 8  3 3 4 . 6 0 8  3 3 4 . 6 0 8  
I L B / C U B I C  � E E T I  1 1 3 . 1 1 0  1 1 3 . 63 3  l 1D . 7 1 3  l l l a 06 7  1 07 . 6 5 6  1 0 8 . 2 1 1  
! K G / CU B I C  M E T E R !  1 8 1 1 . 850 1 8 2 0 . 2 2 8  1 7 7 3 . 4 5 4  1 7 7 9 . 1 2 4  1724.485 1 7 3 3 . 3 7 5  
I L B/CUBIC F EET I 
!KG/CUiHC METERJ 
ILB/Clli:HC FEET I 
1 1<.:;/CU B I C  M E T E R l  
1 . 1 3 1  
1 8 . 11 8  
4 .  304 
68.947 
1 . 136 
1 8  .. 202 
4 . 2 0 Q  
6 7 . 4 2 9  
1 .- 1 07 
17.735 
3 . 6 5 0  
58.471 
l .  1 1 1  
1 7 . 7 9 1  
3 .  7 14 
59 o469 
1 . 0 7 7  
1 7 . 2 4 5  
3 . 650 
5 8 . 462 
1 . 082 
17.334 
3 . 5 0 5  
5 6 . 148 
I 1 0 1  THEORETICAL DRY UNl T l'I E I G H T  OF CURED CDNCRETEt t L B / C U 8 I C  F H T J  137."165 1 3 8 . 4 8 3  135.592 1 3 '5 . 942 1 32 . 5 6 5  1 3 3 . 11 5  
1 1 2 1 - 1 9 1 1  tKG/£UBIC METERJ 2209.984 2 Z l B o 2 7 B  2 1 7 1 . 9 7 1  2 1 7 7 . 5 8 5  2 1 23 .. 493 2 1 3 2 . 2 9 4  
1 1 1 1  V O I D S  D U E  T O  EVAPORABLE WATER 1 1 1 3 l - 1 4 1 J / 6 2 . 4 J  
X 1 0 0 )  5 . 0 85% 4 . 9 2 5 %  4 e 0 7 5 %  4 . 172% 4• 124� 3 . 8 8 3 %  
1 1 2 1  V O I D S  DUE TO D E N S I F I C A T I O N  O F  HYDRATION W A T E R ,  
l l l . OO- O e 7 1 6 1 )  X ( 4 ) /6 Z e 4 )  2 e 3 { 9� 2 e 3 1 9 % 2 o 3 19% 2 e 3 l 9 %  2 . 3 1 9% 2 . 3 1 9 %  
1 13 1  TOTAL V O I D S  ATTRIBUTED TO M I X I N G  W�TER, 
l l l l J -1- ( 1 2 1 1 7e404% 7 .. 244% 6.394% 6 o 4 9 1 %  6.442% 6 . 2 0 2 %  
1 14 1  V O I D S  OUE T:J ENTR A i i\IEO A I R I DE S I GN A I R  CONTENT! 
{ 1 5 1  TOTAL THEORETICAL VbiUS ; D R Y  CURED CONCRETE, 
l l l3 l + ( l 4 l l  
1 16 1  THEOR E T I C A L ,  .MAXi MU:� OR'i U N I T  W£IGHI lJF S O L I D S  
l l 10 J /t 1 . 00- t l 5 1 / 1 0 0 l I 
1 17 1  THEORETICAL APPA Q.EtH S P E C IF!C GKAVITY D F  
S O L I D S  1 ! 1 6 1 /6 2 . 4 1 
6.0DO% 6. DOO% a .. ooo% B e OOO% 1 0. 0 0 0 %  1-Q.OOO% 
1 3.404% 1 3 . 244% 1 4 . 394% 1 4  .. 4 9 1 %  1 6.442% 1 6 . 2 0 2 %  
1 5 9 . 3 2 0 %  1 5 9 . 6 2 3 %  1 5 8 . 3 9 1 %  1 � 8 . 9 7 9 %  1 5 8 . 6 5 2 %  1 5 8 . 8 5 2 %  
2 ·  553% 2 e 5 58% 2 o 5 3 B %  2 e 548% 2.-542% 2 . 546% 

